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RESISTANCE RATO DIGITIZING 
OHMMETER SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a divisional of application Ser. No. 
10/877,390, filed Jun. 25, 2004, now U.S. Pat. No. 6,975, 
103, entitled “Resistance Ratio Digitizing Ohmmeter Sys 
tem’ of the same inventors hereof, which application is 
incorporated herein by reference in its entirety. 

FIELD OF THE INVENTION 

The invention relates to a resistance ratio measurement 
system for measuring the ratio of the resistance of a sensor 
to a reference resistance and converting the ratio measure 
ment to a digital number. In particular, the invention relates 
to a high precision digitizing resistance measurement system 
which measures the ratio of an unknown external resistance 
to a reference resistance. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of a resistance ratio 
digitizing ohmmeter system according to one embodiment 
of the present invention. 

FIG. 2 is a block diagram of a digital post processing 
circuit which can be incorporated in the digitizing ohmmeter 
system of FIG. 1 according to one embodiment of the 
present invention. 

FIG. 3 illustrates one representative clocking scheme 
under which the digitizing ohmmeter system of the present 
invention can be operated. 

FIG. 4 is a schematic diagram of a rationnetric digitizing 
ohmmeter system configured to measure the ratio of an 
external resistance Rext to a known reference resistance 
Rref according to one embodiment of the present invention. 

FIG. 5 is a schematic diagram of a rationnetric digitizing 
ohmmeter system configured to measure the position of the 
adjustable wiper of the potentiometer by measuring the ratio 
Rbot/(Rtop--Rbot) according to one embodiment of the 
invention. 

FIG. 6 illustrates the coupling of a 4-wire remote resistive 
sensor to the rationnetric digitizing ohmmeter system of the 
present invention according to one embodiment of the 
present invention. 

FIG. 7 is a schematic diagram of a rationnetric digitizing 
ohmmeter system configured for measuring a linearized 
signal related to the temperature of a platinum film resistive 
thermal device (RTD), which signal changes with changes to 
the resistance of the resistive thermal device. FIG. 7 further 
discloses one method of implementing hyperbolic lineariza 
tion of the system such that nonlinear errors of the RTD are 
compensated and the digitized output code more accurately 
estimates the temperature at the RTD. 

FIG. 8 illustrates a method of coupling a negative tem 
perature coefficient thermistor resistive sensor to the ratio 
metric digitizing ohmmeter system of the present invention 
according to one embodiment of the present invention. FIG. 
8 further illustrates one method of compensating for the 
linearity errors of the thermistor over a limited temperature 
range. 

FIG. 9A is a schematic diagram of a variable resistance 
sensor configured in a half-Wheatstone bridge configuration 
with a high impedance current source excitation. 
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2 
FIG.9B is a schematic diagram of a variable resistance 

sensor configured in a half-Wheatstone bridge (voltage 
divider) configuration with a low impedance Voltage source 
excitation. 
FIG.9C is a plot of the Vin voltage as the resistance of the 

variable resistance sensor increases from 500 Ohms to 1 
kOhms for the resistance sensor configurations in FIGS. 9A 
and 9B. 

FIG. 10 is a plot of the linearity error in percent of Vin 
after a best-fit line has been subtracted for the two resistance 
sensor configurations of FIGS. 9A and 9B. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

In accordance with the principles of the present invention, 
a rationetric digitizing ohmmeter system operates to mea 
Sure the ratio of the resistance of an input sensor to the 
resistance of a reference resistor and convert the ratio 
measurement to a digital number. The rationnetric digitizing 
ohmmeter system includes a single DC current source as the 
excitation source and a charge balancing analog-to-digital 
converter (ADC) which utilizes a switched input capacitor 
and a switched reference capacitor at its input. The DC 
excitation current passes through both the resistance to be 
measured (referred to as the “external resistor”) and the 
reference resistance. It is assumed that the reference resis 
tance is of a higher resistance in Ohms than the external 
resistor. In operation, any change in the DC excitation 
current affects the Voltage signals indicative of the resistance 
of both of the external and reference resistors proportionally. 
As a result, a high Stability, high precision, high accuracy 
and low noise digitizing ohmmeter system is realized even 
when the DC excitation current applied to the reference and 
external resistors is of low stability, or of low accuracy or 
controlled to low precision. 
The system and method of the present invention can be 

applied to the indirect measurement of many different types 
of quantities by choosing an input sensor whose resistance 
changes in response to the stimulus of interest. For example, 
temperature can be measured by choosing a resistive thermal 
device or thermistor as the input sensor, pressure can be 
measured by choosing a piezoresistive pressure sensor ele 
ment, ambient light can be measured by choosing a photo 
resistive sensor, etc. 

Besides resistance measurements, the digitizing ohmme 
ter system of the present invention can also be used as 
unipolar voltage-input analog-to-digital converter with 
external differential Voltage reference and input signals. In 
this application, the excitation current source is not used and 
a reference Voltage is applied to the reference inputs in place 
of the Voltage drop across the reference resistor. 

System Overview 

FIG. 1 is a schematic diagram of a rationetric digitizing 
ohmmeter system according to one embodiment of the 
present invention. Generally, digitizing ohmmeter system 
100 (hereinafter “system 100') includes a DC excitation 
source 105 for providing a DC excitation current I for 
driving both an input sensor (denoted as an external resistor 
R) and a reference resistor R, System 100 also includes 
an ADC circuit for sampling the input and reference signals 
and digitizing the signals to provide a digital resistance ratio 
output signal. The ADC circuit includes a Switched capacitor 
input stage, a charge-balancing modulator 101 and a digital 
post processing circuit 134. Charge-balancing modulator 
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101 of the ADC circuit of system 100 includes an integrator 
102, a comparator 120 and a logic circuit 123. The charge 
balancing modulator 101 may optionally include a high 
input impedance inverting amplifier 118 in series with 
comparator 120 if the comparator itself does not exhibit the 
necessary high input impedance or signal inversion. 

Referring to FIG. 1, digitizing ohmmeter system 100 is 
configured to sample and digitize an analog input signal 
generated by a resistance-varying input sensor in response to 
its stimulus. In the present embodiment, the resistance 
varying input sensor is denoted by a variable external 
resistor R. Resistor R, may be an input sensor external to 
the integrated circuit in which system 100 is formed, or may 
be a variable resistance sensor fabricated on the same 
integrated circuit. Similarly, Rref may be a reference resistor 
external to the integrated circuit in which 100 is formed or 
may be a reference resistor fabricated on the same integrated 
circuit. In general, system 100 can operate to measure an 
input sensors response to the intended stimulus which 
response corresponds to a change in the resistive or the 
“real' portion of the sensor's impedance. 

In the present embodiment, a current source 105 is 
coupled between the Vdd supply voltage (node 106) and a 
current output node 107 to provide a source of DC excitation 
current I to node 107. Current source 105 can be imple 
mented as any conventional current source and does not 
have to generate a very precise output current I. The 
application of the DC excitation current Ior to resistor R, 
generates a reference Voltage Vref across the reference 
resistor. The value of reference voltage Vref=I*R, 
needs only to remain within a range defined by some 
minimum value related to the residual noise and DC offset 
error of the modulator and below a maximum value above 
which clipping of analog signals at the integrator output 
would begin to occur. In the present embodiment, current 
source 105 provides a 60 LA DC current to output node 107 
and clipping does not occur for Vref less than 0.36 Volts. 
Thus the value for Iout chosen for the present embodiment 
is optimal for measuring resistances less than 0.36V/60 
uA 6 kOhms. Choosing an increased or decreased nominal 
magnitude for Iout will result in proportional changes to the 
maximum fullscale resistance measuring range. External 
circuitry which amplifies or attenuates Iout before applica 
tion to the reference resistor will similarly scale the mea 
Surement range. 
As discussed above, digitizing ohmmeter system 100 of 

the present invention measures the resistance of the input 
sensor by comparing the resistance of resistor R to the 
resistance of reference resistor R. In system 100, reference 
resistor R, and external resistor R (representing the 
resistance of the input sensor) are connected in series 
between current output node 107 and the ground voltage 
(node 108). Thus, the DC excitation current I flows 
through both reference resistor R, and external resistor R, 
continuously and at the same time. The Voltages developed 
across reference resistor R, and external resistor R, as a 
result of the excitation current I are sampled by the 
Switched capacitor input stage of the ADC circuit of system 
100 to provide the analog input signals indicative of the 
reference resistance and the resistance to be measured. 

In system 100, the switched capacitor input stage of the 
ADC circuit includes switches S1 and S2 for measuring the 
voltage across resistor R. Switches S1 and S2 are coupled 
to a reference capacitor C for alternately charging capaci 
tor C, to generate a reference charge packet Qref. The 
Switched capacitor input stage of the ADC circuit also 
includes switches S3 and S4 for measuring the voltage 
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4 
across resistor R. Switches S3 and S4 are coupled to an 
input capacitor C for alternately charging capacitor C to 
generate an input charge packet Qin. 
The operation of rationnetric digitizing ohmmeter system 

100 to measure the ratio of the resistance of resistor R, to 
the resistance of resistor R, will now be described in brief. 
Referring to FIG. 1, in digitizing ohmmeter system 100, the 
not-necessarily-precise excitation current It is used to 
excite the input sensor (resistor R) and the reference 
resistor (R) and the Switched capacitor input stage of the 
ADC circuit samples the differential voltage across the input 
sensor and the differential voltage across the reference 
resistor, both generated by the excitation current. Specifi 
cally, the excitation current I causes a voltage drop 
across external resistor R, and the Switched capacitor input 
stage converts the Voltage drop to a proportional input 
charge packet. The excitation current Io, also causes a 
voltage drop across reference resistor R, and the Switched 
capacitor input stage converts the Voltage drop to a propor 
tional reference charge packet. 

In operation, input capacitor C is Switched from a first 
input voltage level Vin- to a second input voltage level Vin-- 
to generate input charge packet Qin having an amplitude 
given as: 

9.C., (- ). Eq. (1) 

The input charge packet Qin is applied to the inverting input 
terminal of an amplifier 112 in integrator 102 and the charge 
packet is accumulated in a capacitor Caccum of the inte 
grator. 

Reference capacitor C, is switched from a first reference 
voltage level Vref - to a second reference voltage level Vref 
to generate reference charge packet Qref having an ampli 
tude given as: 

9-of-Ce?, of , of ) Eq. (2) 

Note that the sign of reference charge packet Qref is the 
opposite of the sign of input charge packet Qin. The refer 
ence charge packet Qref is applied to the inverting input 
terminal of amplifier 112 in integrator 102 during every 
cycle, but its charge is accumulated in capacitor Caccum in 
a data dependent manner to balance the series of input 
charge packets. 
When digitizing ohmmeter system 100 is operated over a 

number of sampling cycles, the DC voltage drop across 
external resistor R is converted to a series of input charge 
packets Qin by the use of switched capacitor C. The DC 
voltage drop across reference resistor R, is converted to a 
series of reference charge packets Qref by the switched 
capacitor C. The charge balancing ADC circuit determines 
the number of reference charge packets, N, needed to 
balance the input charge packets over a full conversion 
period. The number of reference charge packets, when 
divided by the number of input charge packets, N, which 
were taken during the conversion period is a measurement of 
the ratio of the external resistance to the reference resistance, 
as given in Equation (3) below: 

Ret Nef 
Ref Not 

Ed. (3 and R q. (3) 

The charge balancing modulation system of the ADC 
circuit balances the series of input charge packets with the 
series of reference charge packets to provide a 1-bit data 
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stream as the output signal. When the 1-bit data stream is 
digitally accumulated by the digital post processing cir 
cuitry, a multi-bit digital number indicative of the resistance 
measured by the system is provided. For the charge balanc 
ing ADC circuit employed in the digitizing ohmmeter sys 
tem of the present invention, the ones density of the 1-bit 
data stream generated by the modulation system is the ratio 
of the ADC input charge to the fullscale reference charge 
over the measured time interval. Because the input charge is 
directly proportional to the resistance at the input excitation, 
and the reference charge is directly proportional to the 
resistance across the reference inputs, the ones density of the 
1-bit data stream is also the ratio of the input resistance to 
be measured to the fullscale reference resistance value. 

Detailed System Description 

Referring to FIG. 1, the analog signals applied to system 
100 include reference voltages Vref - and Vref- and input 
voltages Vin-- and Vin-. The voltages are assumed to be DC 
levels or Voltages which change only slowly with respect to 
the chosen ADC conversion time. The difference between 
Voltages Vin-- and Vin- is converted to a positive-going 
voltage step of amplitude (Vin---Vin-) at node 148 by the 
action of switches S3 and S4. Similarly, the difference 
between voltages Vref - and Vref - is converted to a nega 
tive-going Voltage step of amplitude (Vref--Vref) at node 
146 by the action of switches S1 and S2. The voltage steps 
are coupled to the input node of integrator 102 through the 
Switched capacitor input stage to provide corresponding 
charge packets for use in the charge balancing operation of 
the ADC. 

In the Switched capacitor input stage, the first terminal of 
resistor R, (denoted as node 142) is coupled to reference 
capacitor C, through switch S1 while the second terminal 
of resistor R., (node 144) is coupled to reference capacitor 
C, through switch S2. Switch S1, controlled by a signal 
SEL REF+, is coupled to sample voltage Vref - of resistor 
R. On the other hand, Switch S2, controlled by a signal 
SEL REF-, is coupled to sample voltage Vref- of resistor 
R. In the present illustration, because current Ior flows 
from the first terminal (node 142) to the second terminal 
(node 144) of resistor R, Voltage Vref+ is more positive 
than voltage Vref-. The signals SEL REF+ and SEL REF 
are complementary signals that are asserted sequentially so 
that only one of Switches S1 and S2 is closed at a time. 
Switches S1 and S2 are closed in sequence to sample the 
voltage across reference resistor R. The Switching action 
of switches S1 and S2 generates the reference charge packet 
Qref=C(Vrefl-Vref), indicative of the differential volt 
age value across resistor Ras a result of the application of 
the DC excitation current I. The reference Voltage step 
Vref is generated at a node 146 which is the first plate of 
capacitor C. The reference voltage step Vref is coupled 
through capacitor C, to an input node 110 of integrator 102 
and a reference charge packet Qref is thus provided to node 
110 as a result of the switching action of switches S1 and S2. 
The input voltage step Vin is generated in a similar 

manner to that of the reference voltage step Vref. The first 
terminal of resistor R (node 144) is coupled to input 
capacitor C, through switch S3 while the second terminal of 
resistor R (node 108) is coupled to input capacitor C. 
through switch S4. Switch S3, controlled by a signal 
SEL IN+, is coupled to sample Voltage Vin-- of resistor R. 
Similarly, switch S4, controlled by a signal SEL IN-, is 
coupled to sample Voltage Vin- at resistor R. In the 
present illustration, Voltage Vin-- is more positive than 
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6 
voltage Vin-. The signals SEL IN+ and SEL IN- are 
complementary signals that are asserted sequentially so that 
only one of switches S3 and S4 is closed at a time. Switches 
S3 and S4 are closed in sequence to sample the Voltage 
across external resistor R. The Switching action of 
switches S3 and S4 generates the input voltage step Vin 
indicative of the differential voltage value across resistor 
Ras a result of the application of the DC excitation current 
Ior The input voltage step Vin is generated at a node 148 
which is the first plate of capacitor C. The input Voltage 
step Vin is coupled through capacitor C, to input node 110 
of integrator 102 and an input charge packet Qin C, 
(Vin---Vin-) is thus provided to input node 110 as a result 
of the switching action of switches S3 and S4. 

In operation, signals SEL REF+, SEL REF-SEL IN+ 
and SEL IN- are asserted in a sequential manner to sample 
the voltages at the two terminals of the two resistors. The 
switching actions of switches S1 to S4 result in the genera 
tion of the reference voltage step Vref and the input voltage 
step Vin. The capacitance value of capacitor C, determines 
the ADC input fullscale range in the charge domain by 
setting the amplitude of the reference charge packet 
Qref=C*(Vrefl-Vref). The value of capacitor C, deter 
mines the magnitude of the input charge packet Qin C, 
(Vin---Vin-). While the values of capacitors Cin and Cref 
need not be the same, choosing Cin Cref is a simplifying 
and useful choice. If Cin-Cref, then the fullscale input 
Voltage range at of input voltage step Vin (Vin---Vin-) will 
exactly equal the reference voltage step Vref (Vref --Vref-). 
Also, in an integrated circuit implementation, the best 
capacitor value matching and ratio stability occurs for 
capacitors of equal value. In the present embodiment, 
capacitors C, and C, are each a 2 pr capacitor. 
The input voltage step Vin, generated by the DC excita 

tion current I flowing through resistor R, and the 
sampling of the Voltage across resistor R, using Switched 
capacitor C, is indicative of the resistance of resistor R. 
Similarly, the reference voltage step Vref, generated by the 
DC excitation current Ior flowing through resistor R, and 
the sampling of the voltage across resistor R, using 
switched capacitor C is indicative of the resistance of 
resistor R, The analog input signals to system 100 can also 
be expressed as the charge packets corresponding to the 
charge associated with the periodic Voltage steps. Thus, 
input charge packet Qin corresponding to the charge asso 
ciated with the periodic input voltage step Vin is generated 
at node 110 as a result of the coupling of voltage step Vin 
through capacitor C, to the ADC circuit. The input current 
I, flowing through capacitor C is given by the magnitude 
of the periodic input charge packet Qin divided by the 
sample period. Reference charge package Qref correspond 
ing to the charge associated with the periodic reference 
voltage step Vref is generated at node 110 as a result of the 
coupling of voltage step Vref through capacitor C, to the 
ADC circuit. The operational of the digitizing ohmmeter 
system of the present invention will be described in more 
detail below. 

In digitizing ohmmeter system 100, the fullscale resis 
tance range is established by the value of the reference 
resistance. The corresponding reference Voltage range is 
established by the value of the DC excitation current times 
the reference resistance. In all embodiments there will exist 
a maximum Voltage range related to the power Supply 
Voltages available and the amount of Voltage Swing which 
can be obtained at the integrator output without clipping. In 
one embodiment, which utilizes a Supply Voltage of 2.4 
Volts, the maximum input range over process changes and 
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temperature is 0.36 volts. In the present embodiment, the 
output current I, which passes through resistors Rref and 
Rext is 60 uA. Thus, in the present embodiment, the 
maximum resistance which can be measured is 0.36 Volts/60 
uA=6 kOhms. One ordinarily skilled in the art would 
appreciate that either external circuitry can be added to 
reduce or increase the current through the reference resistor 
and external resistor or the internal current source can be 
designed to produce reduced or increased current as current 
I for realizing a system which measured other resistance 
ranges. For example, an external circuit which amplifies the 
dc current from 60 uA to 901.5 uA is used in one application 
where the digitizing ohmmeter system of the present inven 
tion is applied to a Resistive Thermal Device (See FIG. 7). 
If the current through the reference resistor and external 
resistor was reduced to 6 uA, then system 100 will measure 
resistances as large as 60 kOhms. Alternately, if current I 
is increased to 600 uA, then system 100 will measure 
resistances from 0 to 600 Ohms. 
The reference charge packet, Qref, is established by the 

differential reference voltage range times the value of Cref. 
A corresponding fullscale reference current can be defined 
using the reference charge packet. Specifically, the fullscale 
reference current I, is given by the magnitude of the 
periodic reference charge packet Qref divided by the sample 
period. 
The switching action of switches S3 and S4 operates to 

generate the analog input voltage step Vin indicative of the 
unknown resistance of resistor R. The analog input Volt 
age step Vin together with the analog reference Voltage step 
Vref are coupled to modulator 101 of the ADC circuit of 
system 100 to be sampled and digitized. In the present 
embodiment, the input voltage step Vin and the reference 
Voltage step Vrefare generated by using a Switched capaci 
tor circuit to sample the differential Voltage across each 
respective resistor. The Voltage steps are then coupled 
through their respective capacitors (C, or C) to the ADC 
circuit. Accordingly, only the difference in the Voltage across 
the measuring resistors (resistor R, or resistor R.) are 
measured and provided to their respective nodes in the ADC 
circuit. By virtue of measuring only the differential voltage 
values, the DC voltage level at input node Vin is irrelevant 
to the operation of system 100. Thus, the digitizing ohm 
meter system of the present invention can be advantageously 
applied to measure with great precision a small signal AV 
(the change in Voltage Vin), even when AV is Superim 
posed upon a much larger DC voltage. In the embodiment 
shown in FIG. 1, input sensor R, is connected to the ground 
node but this is not required for proper operation of the 
digitizing ohmmeter system. The input sensor can be con 
nected to a low impedance Source at Some DC potential, 
provided that the maximum voltage at Vrefor Vin does not 
rise above the Voltage compliance range of current Source 
105. This type of precision resistance measurement, accurate 
even in the presence of a slowly varying sensor DC offset 
bias Voltage, cannot be readily achieved in conventional 
resistance measurement systems where single-ended DC 
coupled modulators are used. 

Referring to FIG. 1, modulator 101 includes integrator 
102 for receiving input voltage step Vin on node 148 and 
reference Voltage step Vrefon node 146 and integrating the 
charge associated with the step change in Voltage Vin and 
voltage Vref. In the present embodiment, integrator 102 of 
modulator 101 includes an operational amplifier 112 and an 
accumulation capacitor C. Input capacitor C, is 
coupled between node 148 (Vin voltage node) and node 110 
which is the inverting input terminal of amplifier 112. The 
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non-inverting input terminal of amplifier 112 is connected to 
the ground potential or any other convenient DC voltage that 
is an AC ground. Reference capacitor C, is coupled 
between node 146 (Vref voltage node) and the inverting 
input terminal (node 110) of amplifier 112. A switch S5, 
controlled by a data dependent (Data dep) signal, is con 
nected between the inverting input terminal (node 110) and 
the output terminal (node 116) of amplifier 112. When 
switch S5 is closed, a short-circuited negative feedback loop 
is formed around amplifier 112 and integrator 102 is in an 
inactive mode. 
When step input voltage Vin is coupled through input 

capacitor Cin, integrator 102 receives an input signal in the 
form of an input charge packet Qin. Input charge packet Qin 
is the charge that is transferred through capacitor C, due to 
the Switched Voltage change at Voltage Vin. As described 
above, the amplitude of the transferred charge is given by: 
Qin-C*(Vin---Vin-). The ratio of charge flow to unit time 
defines a current. The ADC average input current I, which 
flows through capacitor C, can be defined as: 

Eq. (4) 

where AVin=(Vin---Vin-) and T is the period of the repeti 
tive activation of switches S3 and S4 by complementary 
signals SEL IN+ and SEL IN-. 

In modulator 101, the charge Qin is transferred through 
capacitor C, to node 110 which is a virtual ground node of 
amplifier 112. Note that in the present illustration, input 
charge packet Qin is shown as flowing from node 148 to 
node 110 (also referred to as a positive charge packet). The 
direction of flow for input charge packet Qin is a function of 
the polarity of input voltage step Vin that is sampled and 
used to generate input charge packet Qin. Specifically, when 
the positive-going transition of Voltage step Vin is sampled, 
input charge packet Qin flows into node 110 of integrator 
102 and a “positive' charge packet results. However, if the 
control signals of system 100 were modified so that a 
negative-going transition of Voltage step Vin is sampled, 
input charge packet Qin would flow out of node 110 of 
integrator 102 and a “negative' charge packet results. In the 
present embodiment, charge balancing modulator 101 deter 
mines the value of the input voltage step Vin by balancing 
a positive input charge packet with a negative reference 
charge packet, as will be explained in more detail below. In 
other embodiments, a negative input charge packet can be 
used as long as the polarity of the reference charge packet 
and the polarity of either the analog signals (integ out or 
integ out neg) or of the digital signals (digital out and 
digital out bar) or the Switch control signals (data dep and 
data dep bar) are modified accordingly. 

Amplifier 112 of integrator 102 also receives the reference 
voltage step Vref in the form of a reference charge packet 
Qref at the inverting input terminal (node 110) of amplifier 
112. As discussed above, reference resistor R, is excited by 
DC excitation current I and the Voltage across reference 
resistor R, is sampled by the switching action of Switches 
S1 and S2 under the control of signals SEL REF+ and 
SEL REF- to generate the reference voltage step Vref. 
Voltage step Vref is coupled through capacitor C, to the 
inverting input terminal (node 110) of amplifier 112. The 
charge transferred through capacitor C. can be expressed as 
Q, (C)(AV) where AVref=(Vrefl-Vref+). Voltage 
AVref, which is the voltage drop across reference resistor 
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R, as a result of excitation current Ior can be expressed 
as (R*I). The ratio of charge flow per unit time defines 
a current. The average current I, supplied by the reference 
resistor can thus be defined as: 

Cref Ref loUT Eq. (5) If = = ref - T 

where T is the period of the repetitive activation of switches 
S1 and S2 by complementary signals SEL REF+ and SEL 
REF-. The current I, defines the maximum ADC input 

current which can be successfully balanced. An input current 
I, with the same magnitude as I, is the fullscale input 
current of the ADC. 

In the present embodiment, reference charge packet Qref 
is a negative charge packet because the negative-going 
transitions of reference voltage step Vref are used to gen 
erate the charge packet. Therefore, reference charge packet 
Qref is shown in FIG. 1 as flowing out of node 110 into node 
146. Reference charge packet Qref can be a positive charge 
packet if the positive-going transitions of Voltage step Vref 
are used to generate the charge packet. As explained above, 
the polarity of reference charge packet Qref is opposite the 
polarity of the input charge packet Qin to implement charge 
balancing in modulator 101. Furthermore, the magnitude of 
reference charge packet Qref is indicative of the full range 
of resistance measurement desired for digitizing ohmmeter 
system 100. That is, during normal operation, input charge 
packet Qin will always be as large as or smaller than 
reference charge packet Qref. 

Integrator 102 of modulator 101 includes capacitor C. 
switchably connected across amplifier 112 for storing the 
charge packets provided at input node 110. Specifically, one 
plate of capacitor C is connected to the inverting input 
terminal (node 110) of amplifier 112 while the other plate of 
capacitor C is connected to the output terminal (node 
116) of amplifier 112 through a switch S6. Switch S6 is 
controlled by the inverse of the data dependent signal 
(Data dep bar). When switch S6 is closed, capacitor C, 
is connected in the negative feedback loop of amplifier 112 
and integrator 102 is in an active mode. When switch S6 is 
open, capacitor C is disconnected from amplifier 112 
and integrator 102 is in an inactive mode whereby the 
voltage across and the charge stored on capacitor C, are 
not affected by the operation of amplifier 112. As will 
become apparent in the description below, switch S5 and 
switch S6, controlled by Data dep signal and its inverse 
respectively, operate in a complementary fashion (one 
switch closes while another opens) such that integrator 102 
is either active (amplifier 112 connected to capacitor C. 
by action of switch S6) or inactive (amplifier 112 shorted by 
action of switch S5). As a result, capacitor C, integrates 
or discards the charge packets present at input node 110. 
depending on the state of the Data dep signal. 
The operation of modulator 101 will be described in brief 

here. Based on the control of clock signals Clk1 and Clk2. 
where the active portion of clock Clk1 is always passed 
through to the Data dep signal and thence to switch S5. 
integrator 102 accumulates charge from the input charge 
packet Qin onto capacitor C. Then, integrator 102 
receives a periodic, non-data dependent reference charge 
packet which reference charge packet Qref is used, in a data 
dependant manner, to balance the charge accumulated due to 
the input voltage step Vin. Signals SEL REF+ and SEL 
REF-control the timing of the application of the reference 
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10 
charge packet Qref to the inverting input terminal (node 110) 
of amplifier 112. Specifically, in modulator 101, a reference 
charge packet is generated at each sampling cycle. However, 
integrator 102 is reconfigured by the operation of Switches 
S5 and S6 in a data dependent manner so as to either allow 
the accumulation of the “bucking” reference charge packet 
at capacitor C or to keep the amplifier in an inactive (or 
autoZero) mode and ignore the applied “bucking” reference 
charge packet. 

In operation, when input voltage step Vin makes a posi 
tive-going transition from a given potential to another 
greater potential a positive charge packet Qin is generated. 
The closed loop amplifier circuit through amplifier 112 and 
capacitor C forces the input charge Qin to be accumu 
lated at capacitor C. If the charge at capacitor Cen 
increases above a certain threshold level, integrator 102 
removes the charge on capacitor C, by the amount of the 
reference charge packet. If the charge at capacitor C, is 
below the threshold level, then integrator 102 does not 
remove any charge but still stores the charge on capacitor 
C provided by the positive input charge packet Qin. Thus, 
over several sampling cycles, capacitor C., holds the 
running difference between the sum of the input charge 
packets Qin and the sum of the reference charge packets 
Qref that have been applied. 

Returning to FIG. 1, the output voltage integ out of 
integrator 102 (at node 114) is coupled to an inverting gain 
buffer 118. Buffer 118 is used to present a high impedance 
input to capacitor C, such that no loading is placed on 
capacitor C. In the present embodiment, buffer 118 has 
again of-K. Thus, the output voltage integ out neg from 
buffer 118 is equal to -K times the input voltage integ out. 
In one embodiment, buffer 118 can have a gain of -1 
whereby the buffer operates to merely invert the voltage 
polarity of the input voltage. 

After buffer 118, the voltage integ out neg is coupled to 
a comparator 120 comparing the Voltage integ out neg with 
a reference voltage V. In the present embodiment, refer 
ence voltage V, is a ground Voltage. If the integ Out neg 
value is equal to or greater than V, comparator 120 
generates a logical “1” as the output signal. If the integ out 
neg value is less then V., comparator 120 generates a 

logical “0” as the output signal. Comparator 120 is con 
trolled by clock signal Clk2 such that comparisons are 
triggered on the rising edge of clock signal Clk2 and the 
comparator outputs Q and Q are valid for at least the 
duration of clock signal Clk2. In one embodiment, Voltage 
V is the logical threshold level of the inverter gate in the 
comparator. Buffer 118 is optional and may be omitted when 
the input terminal of comparator 120 can present a high 
impedance input to capacitor Caccum. 

It is instructive to note that the output signal of integrator 
102 is taken from the right plate of capacitor C, and not 
from the output terminal of amplifier 112 as is done in 
conventional modulators. This construction provides several 
advantages. First, the integrator output signal integ out is 
continuously connected to the subsequently circuitry with 
out the use of intervening switches. Thus, the integ out 
signal remains valid even if the integrator is in an inactive 
mode. For example, the integ out signal can be used by the 
subsequent analog stages even during the time interval when 
the integrator amplifier is in a correlated double sampling 
mode (inactive mode). Using the valid signal during the 
correlated double sampling time can reduce the number of 
clock phases required for the modulator operation and make 
possible pipelined implementation of modulator 101. A 
second advantage concerns kT/C noise generated by the 
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opening of Switch S6. Because the output signal is taken 
from a point inside the feedback loop formed by amplifier 
112, Switch S6 and capacitor C, the error charge 
generated by the opening of switch S6 is forced by the loop 
gain to partially be absorbed by the amplifier output circuits. 
Thus the output signal integ out at node 114 exhibits 
diminished kT/C noise error compared to architectures 
where capacitor C is Switched using conventional 
Switched capacitor techniques. 
The output signal digital out from comparator 120 is a 

single bit digital data stream on terminal 121 which digital 
data stream is provided to digital post processing circuit 134 
for filtering and determining the digital value thereof. In the 
present embodiment, the digital out signal has an average 
ones density that is proportional to the average amplitude of 
the switched input voltage step Vin due to the DC excitation 
and Switch sampling of the Voltage across the external 
resistor R, over the time period examined. 

Modulator 101 includes a logic circuit 123 for implement 
ing data dependent charge accumulation at integrator 102. 
That is, reference charge packets are continuously generated 
at node 146 but the modulation system determines whether 
to accumulate the reference charge packets at capacitor 
C in a data dependent manner. Specifically, the inverse of 
the digital out signal (digital out bar), on terminal 122, is 
coupled to logic circuit 123 which generates the data depen 
dent Data dep signal (on node 130) and its inverse Data 
dep bar (on node 132). Data dep signal is coupled to 

control switch S5 and Data dep bar signal is coupled to 
control switch S6 of integrator 102. In this manner, integra 
tor 102 is activated or deactivated based on the data depen 
dent signal and its inverse. As a result, the reference charge 
packet Qref is accumulated or ignored by the action of 
Switches S5 and S6. 

Logic circuit 123 is controlled by clock signal Clk2 and 
is activated on the rising edge of clock Clk2 for generating 
the Data dep and Data dep bar signals. Logic circuit 123 
also receives a clock signal Clk1 which controls integrator 
102 for performing correlated double sampling, as will be 
described in more detail below. In the present embodiment, 
logic circuit 123 includes an AND logic gate 124 receiving 
the digital out bar signal and clock Clk2. The output of the 
AND gate is coupled to an OR logic gate 126 which also 
receives clock Clk1 as input. The output of OR gate 126 is 
the Data dep signal. An inverter 128 is used to generate the 
inverse signal Data dep bar. Note that FIG. 1 merely illus 
trates one embodiment of logic circuit 123 and one of 
ordinary skill in the art would appreciate that logic circuit 
123 can be implemented in other manners using other 
combination of logic gates to generate the same data depen 
dent signals. 

In operation, during the charge balancing phase, when the 
Voltage integ out at the output node 114 is Zero or a negative 
Voltage, signal integ out neg is at a Zero or positive Voltage 
and comparator 120 generates a logical hi Value ('1') as 
digital out. The inverse of digital out on line 122 is thus a 
logical low value. Accordingly, Data dep bar signal on 
node 132 is asserted and switch S6 is closed to activate the 
integrator. The reference charge packet Qref is thus accu 
mulated at capacitor C (which has the effect of increas 
ing the Voltage integ out). Alternately, when the Voltage 
integ out at the output node 114 is a positive Voltage, 
comparator 120 generates a logical low value (“O) as 
digital out. The inverse of digital out on line 122 is thus a 
logical hi Value. Accordingly, Data dep signal on node 130 
is asserted and switch S5 is closed to short out (or deacti 
vate) the integrator. As a result, the reference charge packet 
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Qref is not accumulated and is dissipated by the amplifier 
output circuits. In this manner, modulator 101 accumulates 
the charge from the reference charge packet in a data 
dependent manner. 
As mentioned above, modulator 101 employs correlated 

double sampling (CDS) to cancel the amplifier DC offset 
voltage, 1/f noise and wideband amplifier noise. Specifi 
cally, during the CDS phase of the sampling cycle activated 
by clock signal Clk1, integrator 102 is shorted out and 
capacitor C is disconnected from the amplifier. Any 
offset Voltage, input 1/f noise and wideband Voltage noise, 
collectively referred to as “the amplifier error voltage', at 
the input terminals of amplifier 112 also appear at the output 
terminal (node 116) of amplifier 112. Due to the short 
circuited connection at amplifier 112, the Voltages at the 
right plate of capacitor C, and at the right plate of capacitor 
C. are thus charged to the amplifier error Voltage. In this 
manner, the amplifier error Voltage is stored on capacitors 
C. and C, and is cancelled out at amplifier 112 during the 
Subsequent input acquisition phase and during the Subse 
quent data dependant Qref charge accumulations. Thus, a 
highly precise output voltage can be generated at amplifier 
112, free of offset errors and amplifier noise. 
As described above, the ADC circuit of digitizing ohm 

meter system 100 is a charge balancing ADC where the 
modulator uses the reference charge packets to cancel the 
accumulated input charge. The number of times that the 
input charge must be balanced is often the digital parameter 
of interest as it corresponds to a quantized estimate of the 
average applied Switched input signal step Vin. In the 
present embodiment, the input voltage step Vin is directly 
proportional to the resistance of the sensor R, and the 
digital parameter of interest is the sensed resistance of 
resistive element R. Thus, modulator 101 of digitizing 
ohmmeter system 100 is operated repeatedly over a large 
number of sampling cycles to generate a series of digital bit 
decisions that form a ones density data stream as the 
digital out signal. 

Referring to FIG. 1, the digital out signal from modulator 
101 is coupled to digital post processing circuit 134 for 
digital processing. FIG. 2 is a block diagram of a digital post 
processing circuit which can be incorporated in digitizing 
ohmmeter system 100 according to one embodiment of the 
present invention. In the present embodiment, digital post 
processing circuit 134 is illustrated as providing a 16-bit 
digital output word as the resistance output signal R(out). 
Furthermore, in the present embodiment, digital post pro 
cessing circuit 134 is illustrated as providing a serial data 
output. The 16-bit serial data output from circuit 134 is 
illustrative only. One of ordinary skill in the art would 
appreciate that digital post processing circuit 134 can be 
configured to generate a resistance output signal having the 
desired precision in either serial or parallel data format. 

Referring to FIG. 2, circuit 134 includes a block 236 for 
counting the number of ones occurrences in digital out 
signal over a conversion period, a block 238 for offset 
subtraction and a block 240 for converting the resistance 
output signal from parallel data format into serial data 
format. In the present embodiment, digital post processing 
circuit 134 further includes a block 242 for providing digital 
gain trim and a block 244 for providing offset trim. 

Specifically, block 236 is coupled to receive the digi 
tal out signal on bus 121 from modulator 101 and also to 
receive a modulator clock signal. To form a single 16 bit 
word of 16 bit precision from digital out which is an one-bit 
data stream, it is necessary to count the number of “ones' 
present in 2' or 65536 one-bit samples of the data stream. 
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The counting function of block 236 can be combined with 
the required gain adjust functionality provided by block 242 
to make the actual number of samples accumulated pro 
grammable. For instance, for digitizing ohmmeter systems 
whose input gain is too low, not enough “ones' would be 
present in 65536 samples to accumulate to the desired 
number. Thus, such a resistance measurement unit would be 
digitally trimmed to count for slightly more than 65536 
samples for each conversion. Similarly, for digitizing ohm 
meter systems whose gain from the input is slightly high, the 
unit would count too many “ones' in 65536 samples. Such 
unit can be digitally trimmed to count slightly less than 
65536 samples. Block 236 generates an accumulated count 
number N(ones) of 16 bits indicative of the sensed resistance 
of resistor R. 
A consequence of constructing a composite digital num 

ber from the addition of a large number of identically 
weighted samples is that the composite number so formed 
averages the effect of any wideband random noise over the 
set of samples added. The accumulation of 65536 samples 
corresponds to a finite impulse response digital lowpass 
filter described by 65536 unity-weighted coefficients. The 
lowpass filter characteristic of this stage of digital post 
processing filters out the effects of noise above roughly 1 
part in 32768 of the ones density frequency, thereby greatly 
reducing the amount of noise within the final output num 
bers. In other embodiments, other decimating lowpass digi 
tal filters can be used to reduce noise level even more. 
However, the use of high performance decimating lowpass 
digital filters may increase the design complexity of the 
filters. 

Imperfections in digitizing ohmmeter system 100 may 
result in Small offset errors, potentially of random sign. 
These offset errors can be digitally corrected by applying a 
digital offset trim within a properly selected trim range. 
Block 244 of digital post processing circuit 134 provides a 
programmable digital offset which is subtracted from the 
accumulated count number N(ones) to correct for all offsets. 
Block 238 generates a resistance output value R'(out) in 
16-bit parallel format. 

Finally, when serial output data is desired, resistance 
output value is provided to block 240 to convert the 16-bit 
parallel data format to serial data format, under the control 
of a user-generated serial clock. The serial clock is used to 
serially clock the resistance output signal R(out) onto a data 
output line 246 which can be a data output pin of digitizing 
ohmmeter system 100. As mentioned above, block 240 is 
optional and is required only when serial output data is 
desired. 

System Operation 

The operation of digitizing ohmmeter system 100 will 
now be described with reference to the timing diagram of 
FIG. 3. FIG. 3 illustrates one representative clocking scheme 
under which the digitizing ohmmeter system of the present 
invention can be operated. Of course, one of ordinary skill 
in the art would appreciate that other clocking schemes can 
also be used to operate the digitizing ohmmeter system of 
the present invention to achieve low noise, high precision 
resistance measurements. In the clocking scheme shown in 
FIG. 3, each sampling cycle requires a four-state conversion 
process. The digitizing ohmmeter system of the present 
invention can thus be operated at a faster speed than other 
digitizing ohmmeter systems requiring more states per each 
sampling cycle. 
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Referring to FIG. 3, the signal waveforms and the corre 

sponding values for the digital out signal, the Data dep 
signal and the integ out signal are shown for four represen 
tative samples during a conversion of the repeated input 
Voltage step Vin. The embodiment of digitizing ohmmeter 
system 100 of FIG. 1 implements a first order incremental 
ADC, and a single conversion to obtain q-bit digital output 
data requires 2 samples of the input Voltage step. For 
example, to convert an analog value into a 16-bit digital 
output data will require 65,536 samples in a single conver 
Sion. In the present embodiment, it is assumed that the 
amplitude of the multiple switched input voltage steps at Vin 
do not change or change very slowly during the time of a 
single conversion so that dynamic measurement errors can 
be ignored. In one embodiment of the present invention, a 
conversion time of 131.072 ms is required to obtain digital 
data of 16 bit precision and a conversion time of 8.192 ms 
is required to obtain digital data of 12 bit precision. There 
fore, as long as the sensed input condition is not changing 
rapidly with respect to the conversion time period, the above 
assumption will hold. 

FIG. 3 illustrates the timing and signal waveforms for the 
(n+1)" to (n+4)" samples of a conversion of the resistance 
of resistor R, in digitizing ohmmeter system 100 of the 
present invention. The initialization of system 100 and the 
initial conditions of the various nodes of the system are not 
shown in FIG. 3. In one embodiment, when system 100 
implements an incremental ADC, a Switch is coupled across 
capacitor C to short out capacitor C, before each 
conversion to remove any charge stored thereon. However, 
the shorting of capacitor C in an incremental ADC 
implementation between conversions is optional as any 
residual charge on the capacitor will only result in Small 
measurement errorS. 

In the present illustration, the signals, including all the 
“SEL signals, the CLK1 signal and the CLK2 signal, are 
generated based on the system clock (“SYSCLK) signal. 
Clock signals CLK1 and CLK2 are synchronized with the 
system clock signal. However, the SEL signals, including 
SEL IN+, SEL IN-, SEL REF+ and SEL REF-, are gen 
erated based on clock signal CLK1 but are slightly delayed 
with respect to the CLK1 clock signal. The delay between 
the clock edges of the CLK1 signal and the clock edges SEL 
signals are introduced to ensure that the transitions of the 
switched input voltage step and the switched reference 
Voltage step occur when integrator 102 has been put in either 
the charge integration mode or in the correlated double 
sampling mode. In this manner, the charge associated with 
the desired transitions of the voltage steps (either positive 
going or negative-going) is either integrated by integrator 
102 or discarded. Delay circuitry that can be used to delay 
one signal with respect to another signal is well known in the 
art. In one embodiment, a chain of an even number of 
inverters can be used to introduce a predetermined amount 
of delay to a signal. 

Each sampling cycle of system 100 can be viewed as 
including four phases: an input CDS phase, an input Sam 
pling and charge integration phase, a reference CDS phase 
and a data dependent charge balancing phase. Referring to 
FIG. 3, timing intervals T1, T2, T3 and T4 are provided to 
denote the four phases of the sampling cycle. Furthermore, 
signal integ out as illustrated in FIG. 3 is a Voltage signal 
used to indicate the amount of charge stored on capacitor 
C. Capacitor C, is located within the negative 
feedback path of inverting amplifier 112. Because the invert 
ing amplifier will force the left plate of capacitor C at ceitfit 

the inverting input terminal (node 110) to virtual ground, the 
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integ out Voltage signal at the right plate of capacitor C 
(or the integrator output node 114) is given as: 

ceitfit 

Qaccum 
Vinteg out : - 

Caccum 

In FIG. 3, the vertical scale of the integ out signal is divided 
into slices demarcating separate Voltage units which Voltage 
unit is a measurement unit used in the present description to 
quantify the charge stored or the charge transferred in 
system 100. The voltage units are defined solely to show the 
Voltage change due to integration of one unit charge, where 
said unit charge will be used in the description of the 
operation of system 100. To facilitate the description of the 
operation of the digitizing ohmmeter system of the present 
invention, an artificial comparator V reference Voltage for 
the integ out signal can be assumed to correspond to the a 
voltage midway between voltage units labeled 0 an 1. 
Similarly, voltage steps Vin and Vdac are expressed in FIG. 
3 in terms of Voltage units. 
At the end of the n” sampling cycle, capacitor C has 

stored thereon one negative unit of charge as a result of the 
charge integration and charge balancing phases during the 
in sampling cycle. The Voltage of integ out signal at output 
node 114 of inverting amplifier 112 is therefore at one (1) 
Voltage unit. 
At the beginning of the (n+1)" sampling cycle (interval 

T1), SEL IN- signal is asserted while SEL IN+ signal is 
deasserted. Thus, switch S4 is closed while switch S4 is 
open and the voltage at the second terminal (node 108) of the 
external resistor R, the Vin- Voltage, is sampled onto the 
left plate of capacitor Cin. The input voltage Vin is thus 
stable at a low voltage level. Similarly, switch S2 is closed 
while switch S1 is open and the voltage at the second 
terminal (node 144) of reference resistor R, the Vref 
Voltage, is being sampled onto the left plate of capacitor 
Cref. 

During the initial part of interval T1, clock CLK1 is at a 
logical high and the DATA DEP signal is thus asserted to 
close switch S5 and open switch S6. Integrator 102 is thus 
in the input correlated double sampling (CDS) phase (inte 
grator in an inactive mode). As a result of closing Switch S5. 
amplifier 112 is shorted out and integrator 102 is inactive. 
Therefore, any amplifier error Voltage. Such as those due to 
DC offset voltage and 1/f noise, appears on the amplifier 
output terminal. Input capacitor C, and reference capacitor 
Care thereby precharged with the amplifier error Voltage 
so that the amplifier error Voltage is cancelled out during the 
sampling and charge integration of the input voltage step and 
the reference Voltage step, respectively. In this manner, 
correlated double sampling of the system is effectuated. 

After correlated double sampling is performed, clock 
CLK1 is deasserted and the DATA DEP signal is released. 
Switch S5 is open and switch S6 is closed to put integrator 
102 of modulator 101 in an active mode and the sampling 
and charge integration phase begins. After a predetermined 
delay, the SEL signals controlling switches S3 and S4 Switch 
states to generate the input Voltage step Vin. Specifically, 
after the predetermined delay, SEL IN-signal is deasserted 
while SEL IN+ signal is asserted. Switch S4 is open and 
switch S3 is closed and the voltage at the first terminal (node 
144) of resistor R, the Vin-- Voltage, is sampled and a 
Switched input voltage step Vin having a positive-going 
transition is generated. 
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In response to the switching action of Switches S3 and S4. 

input Voltage Vin Steps from a first voltage value to a second, 
higher Voltage value. The change in Voltage Vin (AVin) is 
coupled through capacitor C, to the inverting input terminal 
of amplifier 112. Because it is assumed that the input voltage 
step persists for a long time as compared to the input circuit 
time constants, all the charge collected at the left plate of 
capacitor C, associated with AVin is transferred to the right 
plate of capacitor C. Specifically, the charge coupled 
through capacitor C is given by: 

Q-CAV, 

where AVin is the change in input voltage Vin due to the 
synchronous Switching action of Switches S3 and S4 and C, 
is the value of capacitor C. 

Because integrator 102 is in the active mode, amplifier 
112 forces the inverting input terminal (node 110) to a virtual 
ground. Therefore, the charge coupled through capacitor C. 
is directed to capacitor C. Because amplifier 112 is 
configured in an inverting mode, the increase in charge 
Stored in capacitor C, causes a decrease in the Voltage at 
the integ out node (node 114) proportional to the magnitude 
of the charge Qin to be accumulated: 

A 
AWinteg out = - 2accum- = - AV 

Caccum 

where Qaccum is the charge accumulated at capacitor C 
cum, and C represents the capacitance of capacitor 
C 

Ceilii 

In the present embodiment, capacitor C, and capacitor 
C have the same capacitance value. In one embodiment, 
the capacitance of capacitor C., and of capacitor C, is 
each 2 pF. In the present illustration, it is assumed that the 
rising edge of Vin causes two additional charge units to be 
Stored in capacitor C, and thus the integ out signal 
decreases by two Voltage units to a level of minus one (-1) 
Voltage unit. 

Because integrator 102 is active before, during and after 
the Vin rising edge, continuous time integration of the input 
Voltage step signal is realized. The use of continuous time 
integration to sample the input analog Voltage has the effect 
of low pass filtering the input signal and thereby filters out 
any wideband noise that may present on the input signal 
Vin--. 

After sampling and integrating the charge associated with 
the rising edge of input Voltage Vin, the charge integration 
phase of the sampling cycle has completed and system 100 
performs correlated double sampling (CDS) for the refer 
ence voltage signal Vref (time interval T2). In the reference 
CDS phase, capacitor C, and capacitor C. are again pre 
charged with the amplifier error voltage from amplifier 112. 
Referring to FIG. 3, during time interval T2, clock Clk1 is 
asserted. As a result, OR gate 126 of logic circuit 123 
generates a logical “hi’ value on output node 130. Thus, 
Data dep signal Switches to a logical “hi’ value and Data 
dep bar Switches to a logical “low” value correspondingly. 

Accordingly, switch S5 is closed and switch S6 is open and 
integrator 102 is made inactive to initiate correlated double 
sampling. 

After a predetermined delay from the rising edge of clock 
CLK1, the SEL signals controlling switches S1 and S2 
Switch states to generate a positive-going reference Voltage 
step Vref. Specifically, after the predetermined delay from 
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the rising edge of clock CLK1, SEL REF- signal is deas 
serted while SEL REF+ signal is asserted. Switch S2 is 
open and switch S1 is closed and the voltage at the first 
terminal (node 142) of resistor R, the Vref+ voltage, is 
sampled and a reference Voltage step Vref having a positive 
going transition is generated. In the present embodiment, the 
positive-going transition of the reference Voltage step Vref is 
not used by system 100. Thus, the positive-going switched 
transition of voltage Vref occurs during the reference CDS 
phase of the sampling cycle so that the rising edge of the 
reference voltage Vref is ignored by system 100 and no 
charge from the Vref rising edge is accumulated by integra 
tor 102. By causing the Voltage steps to transition during the 
CDS phase, undesired signal transitions can be blocked from 
being sampled by the integrator. 

In time interval T3, clock CLK1 is deasserted and clock 
CLK2 is asserted. Two events occur as a result. First, when 
clock CLK2 is asserted, comparator 120 is interrogated and 
the digital out value for the current sample is read out. 
Because integ out has a value of minus one (-1) voltage 
unit, inverting gain buffer 118 converts integ out signal to 
integ out neg signal having a relatively positive Voltage 
level (such as +K Voltage units, when K-1, integ out neg 
signal is about +1 Voltage unit). At comparator 120, the 
integ out neg signal is compared with reference Voltage 
V, which is assumed to be between 0 and 1 volt in the 
present embodiment. Because the integ out neg signal is 
greater than V, comparator 120 generates a logical high 
value as the digital out 'Q' output. Thus, the digital out 
signal remains at a logical “1” value during interval T3 in 
response to clock Clk2. 
When clock CLK1 is deasserted, the DATA DEP signal 

is released by OR gate 126 in logic circuit 123 and the data 
dependent charge balancing phase begins. During the charge 
balancing phase, system 100 determines in a data dependent 
manner whether to accumulate or disregard the negative 
reference charge packet to be generated by the falling edge 
of voltage step Vref. Specifically, when clock CLK2 is 
asserted and clock CLK1 is deasserted, integrator 102 is no 
longer forced in the inactive mode but instead the integrator 
is either active or inactive depending upon the value of the 
digital out signal and consequently the Data dep signal. 
That is, the DATA DEP signal becomes a function of the 
digital out signal. 

In logic circuit 123, AND gate 124 receives as input 
signals clock Clk2 and the digital out bar signal (Q) which 
is the inverse of the digital out signal. When clock Clk2 is 
asserted, the output of AND gate 124 will have the same 
value as the digital out bar signal. The output of OR gate 
126 is also the same as the output of AND gate 124 as the 
other input of OR gate 126 (clock Clk1) is deasserted. Thus, 
logic circuit 123 generates a Data dep signal which is the 
inverse of the digital out signal. If digital out has a logical 
“hi’ value (digital out bar has a logical “lo’ value), DATA 
DEP will have a logical “lo’ value and vice versa. In the 

current sampling cycle, digital out has a logical “hi’ value 
when clock CLK2 is asserted, thus the DATA DEP signal 
switches to a logical “lo’ value when clock CLK2 is 
asserted. As a result of DATA DEP signal being at a logical 
“lo’ value, switch S5 is open and switch S6 is closed to put 
integrator 102 of modulator 101 in an active mode. 

To implement charge balancing in System 100, a negative 
reference charge packet is applied to integrator 102 at each 
sampling cycle to balance out the positive charge accumu 
lated from the AV in voltage. In FIG. 3, voltage waveform 
Vref represents the voltage used to generate the reference 
charge packet Qref. In the present embodiment, to effectuate 
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charge balancing, only the negative charge packet associated 
with the falling edge (negative-going transition) of Voltage 
Vref is used. As described above, the positive-going transi 
tion of voltage Vref is applied during the reference CDS 
phase while integrator 102 is deactivated so that the positive 
charge packet associated with the rising edge of voltage Vref 
has been ignored. 

After a predetermined delay from the falling edge of clock 
CLK1, the SEL signals controlling switches S1 and S2 
Switch states to generate a negative-going reference Voltage 
step Vref. Specifically, after the predetermined delay from 
the falling edge of clock CLK1, SEL REF- signal is 
asserted while SEL REF+ signal is deasserted. Switch S1 is 
open and Switch S2 is closed and the Voltage at the second 
terminal (node 144) of resistor R, the Vre?- Voltage, is 
again sampled and a reference Voltage step Vref having a 
negative-going transition is generated. 
As described above, during interval T3, because the 

DATA DEP signal is at a logical “lo’ value, switch S5 is 
open and switch S6 is closed so that integrator 102 is 
activated. The negative charge associated with the falling 
edge of voltage Vref is thus accumulated by integrator 102. 
As shown in FIG. 3, the integ out value increases by three 
Voltage units, from -1 to 2, as a result of accumulating the 
negative reference charge packet (the reference charge 
packet is assumed to exhibit an amplitude of minus three 
(-3) charge units. Note that because integrator 102 is 
activated before, during and after the falling edge of the 
reference charge packet, the integrator implements continu 
ous time integration which effectuates a low-pass filter 
function for filtering any wideband noise on the Vref 
reference voltage signal. 
At the end of the charge balancing phase, capacitor C. 

has accumulated charged based on the change in input 
Voltage AVin and based on the reference charge packet, in a 
data dependent manner. During the (n+1)" sampling cycle 
the accumulated charge has increased by two units and 
decreased by three, resulting in a held charge of two charge 
units at capacitor C, and a Voltage at integ out of two 
Voltage units. The system is then reset in preparation for the 
next sampling cycle. 

During time interval T4, clock CLK1 is asserted and clock 
CLK2 is deasserted. When clock CLK1 is asserted, the 
DATA DEP signal is forced to a logical “hi’ value for 
placing integrator 102 in the inactive mode (CDS phase). 
Then after a predetermined delay from the rising edge of 
clock CLK1, the SEL signals controlling switches S3 and S4 
switch state. Thus, switch SS3 is open while switch S4 is 
closed. Input voltage step Vin thus makes a negative going 
transition back to the VIN-voltage currently being sampled. 
In the present timing scheme, the high-to-low transition of 
input voltage Vin is not to be accumulated by integrator 102. 
Therefore, in the present timing scheme, the SEL signals 
controlling switches S3 and S4 (SEL IN+ and SEL IN-) 
switch states during the CDS phase of integrator 102 (time 
interval T4). Thus, the falling edge of input voltage step Vin 
is ignored by system 100 and no charge from the Vin falling 
edge is accumulated. System 100 is now ready for the next 
sampling cycle. 

During the (n+2)" sampling cycle, system 100 operates in 
the same manner as described above. When the charge 
associated with the positive step AV in Voltage, having two 
charge units, is accumulated, the charge at capacitor C. 
increases by 2 charge units and the Voltage at the integ out 
node (node 114) decreases to 0 Voltage unit. Because com 
parator 120 continues to read an integ out neg Value that is 
less than V, digital out signal remains at a logical “1” 



US 7,352,166 B1 
19 

value. The digital out signal generated by comparator 120 
determines whether the Subsequently generated reference 
charge packet will be accumulated in capacitor C, or 
discarded. When digital out signal has a logical “1” value, 
during the data dependent charge balancing phase, the 
negative reference charge packet is accumulated by capaci 
tor C, and Qaccum decreases by three charge units, with 
a corresponding increase in the Voltage at integ out of 3 
Voltage units. A Sum of negative three charge units is stored 
on capacitor C., at the end of the (n+2)" sampling cycle, 
and the Voltage at integ out is at positive three (+3) Voltage 
units. 
At the (n+3)" sampling cycle, integ out signal has a 

voltage level that exceeds the artificial V, reference level 
at time interval T3. Specifically, the Voltage at integ out is 
at positive one (+1) voltage units after integration of the 
AVin Voltage. Thus, the integ out neg signal becomes a 
negative Voltage value or a voltage value less than V. 
Thus, comparator 120 generates a logical “0” as the Q output 
value and digital out transitions to a logical '0' value as 
shown in FIG. 3. 
As a result of digital out being at a logical “0” value, the 

Data dep signal remains at a logical “1” value when the 
charge balancing phase (interval T3) is initiated. The state of 
the Data dep signal causes switch S5 to close and switch S6 
to open. Thus, integrator 102 is deactivated and capacitor 
C is prevented from accumulating any charge from the 
falling edge of the reference charge packet. Integ out thus 
remains at the positive one Voltage unit level at the end of 
the (n+3)" sampling cycle. 
As shown by the operation of sampling cycles (n+1) to 

(n+3), digitizing ohmmeter system 100 implements data 
dependent charge balancing and the charge associated with 
the falling edge of switched voltage Vref, which is used to 
generate the reference charge packet Qref, is either accu 
mulated or ignored depending on the value of the digital out 
signal. The sampling cycles are repeated until a large enough 
number of the digital bit decisions have been made so that 
the residual quantization error of the digitizing process is 
below certain desired application specific limits. 

During the (n+4)” sampling, the charge associated with 
the positive step AV in Voltage, having two charge units, is 
accumulated, the charge at capacitor C, increases by 2 
charge units and the Voltage at the integ out node (node 114) 
decreases to -1 voltage unit. Because comparator 120 reads 
an integ out neg Value that greater than V, digital out 
signal Switches to a logical “1” value. Thus, during the data 
dependent charge balancing phase, the negative reference 
charge packet is accumulated by capacitor C, and Qac 
cum decreases by three charge units, with a corresponding 
increase in the Voltage at integ out of 3 voltage units. A Sum 
of two charge units is stored on capacitor C at the end 
of the (n+4)” sampling cycle, and the voltage at integ_out is 
at positive two (+2) Voltage units. 

In Sum, in the present embodiment, digitizing ohmmeter 
system 100 implements charge balancing by Sampling only 
the rising edge of the Switched input voltage step Vin and 
accumulating, in a data dependent manner, only reference 
charge packets generated by the falling edge of Switched 
voltage Vref. Because integrator 102 is an inverting inte 
grator, the integ out signal decreases due to the rising edge 
of Vin and increases due to the negative reference charge 
packet. 
As a result of adding and Subtracting the charge due to the 

AVin Voltage and the charge from the reference charge 
packet, the digitizing ohmmeter system generates a digi 
tal out signal in the form of a ones density data stream. The 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

20 
single bit output data stream generated by comparator 120 
will exhibit a ones density proportional to the amplitude of 
the change in input voltage AVin. Specifically, under the 
assumption that the step size AVin does not change appre 
ciably over a single conversion, the average ones density is 
given as: 

Cin Qin Rat 
Cref Vof Qref Reef 

OnesDensity = AVin 

where Qref denotes the amount of charge in the reference 
charge packet. The ones density value is always less than or 
equal to 1 as Qin is always less than or equal to Qref. For 
example, in the present illustration, the AV in Voltage step 
generates an input charge Qin that has a charge unit level 
that is 2/3 of the reference charge packet Qref. Thus, a ones 
density data stream containing 66.7% ones and 33.3% 
Zeroes is generated. After completing a conversion of the 
input Voltage value, the ones density pulse stream can be 
processed by the Subsequent digital processing circuitry to 
determine the digital value thereof. 

Specifically, referring to FIG. 2, the ones density data 
stream is coupled to block 236 for counting the number of 
occurrences of ones over the conversion period. Then the 
count value, which indicates a resistance measurement, is 
converted to a resistance output value by Subtracting an 
offset trim, if any, in block 238. The resistance ratio output 
value R(out) can then be provided as a digital output in a 
serial format by block 240. As described above, gain and 
offset trims can be applied to correct for offset errors and to 
improve the accuracy of the resistance output value. 

Alternate Embodiments 

In the present embodiment, the digitizing ohmmeter sys 
tem accumulates charge on the rising edge of Switched input 
Voltage step Vin and on the falling edge of the Switched 
reference voltage step Vref. However, this implementation 
scheme is illustrative only and one of ordinary skill in the art 
would appreciate that the digitizing ohmmeter system of the 
present invention can be operated using other clocking 
schemes. For instance, the digitizing ohmmeter system can 
be made to accumulate charge on the falling edge of input 
Voltage step Vin and on the rising edge of the reference 
Voltage step Vref. In that case, because the modulator uses 
an inverting amplifier, the integ out signal does not need to 
be inverted before being compared with the reference volt 
age V. Thus, inverting gain buffer 118 between capacitor 
C, and comparator 120 can be eliminated or a non 
inverting buffer amplifier may be utilized. Basically, the 
digitizing ohmmeter system of the present invention can be 
operated by integrating the rising or falling edge of the input 
Voltage step Vin and balancing the input charge packet with 
a reference charge packet having the opposite polarity to the 
polarity of the input charge packet. 

In the above descriptions, amplifier 112 is implemented as 
an operational amplifier where the non-inverting input ter 
minal is connected to the ground potential. In an alternate 
embodiment, the amplifier can be implemented as a single 
input self-referential inverting transconductance amplifier 
(referred to herein as a gmiC). An amplifier capable of 
operating at very low voltage levels with uncompromised or 
even improved performances in transconductance is 
described in commonly assigned U.S. Pat. No. 6,147.550, 
entitled “Method And Apparatus For Reliably Determining 
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Subthreshold Current Densities. In Transconductance Cells,” 
of Peter R. Holloway, issued Nov. 14, 2000; and also in 
commonly assigned U.S. Pat. No. 5,936,433, entitled “Com 
parator Including A Transconducting Inverter Biased To 
Operate In Subthreshold,” of Peter R. Holloway, issued Aug. 
10, 1999. Both of the aforementioned patents are incorpo 
rated herein by reference in their entireties. Thus, in the 
alternate embodiment, amplifier 112 is implemented based 
on the transconductance inverting cell technology described 
in the aforementioned patents and amplifier 112 is self 
referencing. Therefore, amplifier 112 includes only one 
input terminal coupled to node 110 and no reference voltage 
input terminal is needed. 

Furthermore, in another alternate embodiment, compara 
tor 120 can also be implemented as a transconductance 
amplifier (gmIC) described above. Because a gmIC is a 
single input self-referential amplifier, comparator 120 will 
not require a separate reference Voltage V. When ampli 
fier 112 or comparator 120 is implemented as a gmIC, the 
digitizing ohmmeter system of the present invention can be 
operated with a very low noise level even at minimal Supply 
Voltage because gmIC amplifiers are designed to run at a 
constant current density over temperature. 

Switches S5 and S6 in modulator 101 are composed of 
MOS transistors and are typically controlled by non-over 
lapping digital signals. When any MOS switch is turned 
from on to off, its stored channel charge will be shared by the 
capacitors and circuit elements connected to both its analog 
input and its analog output terminals. This charge sharing 
condition is often referred to as charge feed-through. This 
channel charge is an additive error because it does not 
originate from the input analog signals but is generated from 
within the switches when they are switched off. 

In one embodiment, the Switches in modulator 101 can be 
implemented using any conventional Switch circuits. 
According to an alternate embodiment of the present inven 
tion, switches S5 and S6 of modulator 101 are implemented 
as “boosted switches to reduce charge feed-through that 
may occur when the Switches are being turned on or off. A 
self-bootstrapping constant on-resistance Switch circuit is 
described in copending and commonly assigned U.S. patent 
application Ser. No. 10/402,080, entitled “A Constant R. 
Switch Circuit with Low Distortion and Reduction of Ped 
estal Errors,” of Peter R. Holloway, filed Mar. 27, 2003, 
which patent application is incorporated herein by reference 
in its entirety. When the low distortion boosted switch circuit 
described in the aforementioned patent application is used to 
implement switches S5 and S6, errors resulting from chan 
nel charge feed-through during the Switching of the Switches 
are significantly reduced and excellent measurement accu 
racy can be realized in the digitizing ohmmeter system of the 
present invention, which accuracy cannot be readily realized 
in conventional resistance measurement systems. 

Furthermore, in another embodiment of the present inven 
tion, Switch S5 and Switch S6 are scaled to ensure that the 
net charge error accumulated in capacitor C, during each 
sampling cycle is nearly Zero. Specifically, because Switch 
S5 and Switch S6 are connected to different nodes within the 
modulator circuit, the feed-through charge error generated 
by equally-sized Switches does not result in a Zero net charge 
error across capacitor C. It is known that the channel 
charge error generated within a Switch is proportional to its 
gate area. By Scaling the ratio of the gate areas of Switches 
S5 and S6 appropriately, the amount of charge error can be 
applied to both sides of capacitor C first by one switch ceitfit 
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and then by the other, which results in a net charge error of 
nearly Zero being held in capacitor C, at the end of each 
sampling cycle. 

In one embodiment, the digitizing ohmmeter system of 
the present invention, including the variable resistive ele 
ment R, and the digital post processing circuit, is integrated 
onto a single integrated circuit. In other embodiments, the 
variable resistive element R can be an input sensor exter 
nal to the integrated circuit on which the digitizing ohmme 
ter system is formed. In that case, the excitation current I 
is provided to resistor R, through external pins on the 
digitizing ohmmeter system. Similarly, the reference resis 
tive circuit element RREF can be a resistance external to the 
integrated circuit on which the digitizing ohmmeter system 
is formed, and driven by current I through external pins. 
In another embodiment the resistive circuit element RREF is 
integrated onto the same single integrated circuit. In yet 
another embodiment, the digital post processing circuit of 
the digitizing ohmmeter system may be formed on an 
integrated circuit separate from the digitizing ohmmeter 
system. In general, the digitizing ohmmeter system of the 
present invention can be fabricated using various degree of 
integration, as is well understood by one skilled in the art. 

Resistance Measurement Applications 

The digitizing ohmmeter system of the present invention 
can be configured for performing various kinds of resistance 
measurement. Specifically, the digitizing ohmmeter system 
of the present invention can be applied to measure the 
resistance of an input sensor whose resistance changes in 
response to a stimulus of interest. Several applications of the 
digitizing ohmmeter system of the present invention for 
resistance or temperature measurements are described 
below. The following description is illustrative only and is 
not intended to be limiting. One of ordinary skill in the art, 
upon being apprised of the present description, would appre 
ciate that the digitizing ohmmeter system of the present 
invention can be applied in other configurations for mea 
Suring the resistance of an input sensor. 

Absolute Ohms Measurement Application 
FIG. 4 is a schematic diagram of a rationetric digitizing 

ohmmeter system configured for absolute ohms measure 
ment according to one embodiment of the present invention. 
Like elements in FIGS. 1 and 4 have like reference numerals 
to simplify the discussion. In the absolute ohms application, 
the resistance of the input sensor (R) is compared to the 
known resistance of the reference resistor (R) for deter 
mining the absolute resistance of the input sensor. The value 
of the reference resistor is assumed to be known. Discrete 
resistors are measured by the resistor manufacturer who 
measures the resistors and sells them with a guarantee that 
they are of a standard value within a known tolerance. Thus 
the resistance value of the reference resistor may be known 
to within an error bound by selecting resistors guaranteed to 
be within that error bound. Alternately the actual value of the 
resistor R, can be measured with a reference Ohmmeter 
once before being incorporated in the digitizing ohmmeter 
system of the present invention. Implementations where the 
resistor R, is on the integrated circuit may have the value 
of resistor R, trimmed to a known error bound or may have 
the resistance R, measured once to high accuracy and 
stored as a nonvolatile parameter, such as in EEPROM used 
for the gain adjust trim. The digital output value of the 
digitizing ohmmeter system is the ratio of the input sensor 
resistance to the reference resistance (R/R). When this 
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digital ratio is multiplied by the known value R, the value 
of R, can be determined as: R (R/R)*R, 

In practice, the multiplication is usually not explicitly 
performed because the digital number representing the ratio 
is interpreted to be an external resistance with a magnitude 
of that fraction of R. For example, if R is known to be 
4096 Ohms, then each LSB (least significant bit) of a 12 bit 
binary digital output can be interpreted as being indicative of 
1 Ohm in value at resistor R. Similarly, if the resistance is 
known to be a different value, such as 2 kOhms, then the 
LSB of a 12 bit output word can be interpreted to represent 
(2000/4096) Ohms (approximately 0.48828 Ohms per LSB). 
If the reference resistor was previously measured to high 
accuracy and its value remained stable during the time 
interval of measurement, then the digital output value 
indicative of the resistance of the input sensor can also be 
very accurate. Similarly, if the reference resistor is measured 
once and then the optional gain adjust EEPROM in the 
digital post processing circuit 134 is adjusted in accordance 
with this value, then no explicit multiplication will be 
necessary. 

Referring to FIG. 4, a rationetric digitizing ohmmeter 
system (300) is shown. The system 300 is the same as 
system 100 of FIG. 1 with the addition of more detail to 
show one embodiment of digital output interfacing. The 
digital output of modulation system 101 is digital out, 
which is coupled to the post processing circuit (134) in 
which the digital post processing and serial output data 
formatting and control is performed. A second system, Such 
as a microprocessor with a three wire serial interface, is an 
example of a system which could request and read the 
resistance data over the three wire serial interface at nodes 
7, 8 and 9. Because system 300 responds to external requests 
for data, it is considered to be a slave device on the serial 
interface, while the second (microprocessor) system is con 
sidered to be the serial bus master system. 

In the present embodiment, system 300 is formed on a 
single integrated circuit and includes input/output terminals 
(pins) for coupling to the resistance measurement compo 
nents and for coupling to the second system which reads the 
R(out) data from the rationnetric digitizing ohmmeter system 
300. Specifically, for coupling to the resistance measurement 
components, system 300 of the rationnetric digitizing ohm 
meter system includes pin 1 providing the DC excitation 
current I, pin 2 and pin 3 for coupling to a reference 
resistor R, and pin 4 and pin 5 for coupling to the input 
sensor whose resistance is to be measured. System 300 also 
includes a pin 6 for connecting to the VSS or ground Voltage 
and a pin 10 for connecting to the Vdd or positive power 
supply voltage. System 300 may include a chip-select pin 7 
receiving an enable signal for the system. The chip-select 
function is optional as other serial communications proto 
cols can be implemented without chip-select pin, such as 
SMbus or I2C. System 300 includes a pin 8 providing the 
bit-serial digitized resistance ratio R(out) signal and a pin 9 
for accepting a system clock (SCLK) signal from the second 
system for synchronizing the operation of the serial output 
data to the operation of the external data-reading system. 

To measure the absolute resistance of an input sensor, the 
input sensor, denoted as a variable resistance resistor R, is 
coupled between pin 4 and pin 5 of system 300. One 
terminal of the resistor should also be coupled to the ground 
Voltage or to Some other low impedance DC voltage source 
that is an AC ground. A reference resistor whose resistance 
establishes the fullscale range of the ADC of the digitizing 
ohmmeter system is coupled between pin 2 and pin 3 of 
sub-system 300. Pin 1 is connected to resistor R, to force 
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the current Ior through resistor R, while pin 2 is con 
nected to sense the voltage at that terminal of R, Pin 3 is 
connected to the other terminal of resistor R, to sense the 
voltage at Vref. The terminal of resistor R, which is 
connected to pin 3 is connected to the resistance to be 
measured (resistor R.) in order to force the same current 
through resistor R. Pin 4 is connected to the terminal of 
R which receives the current from resistor R, in order to 
sense the voltage at that point. The other terminal of resistor 
R is connected to the ground terminal in order to return the 
current I. Pin 5 is connected to the grounded terminal of 
R, in order to sense the Voltage at that node. When thus 
configured, the rationetric digitizing ohmmeter system 300 
measures the resistance of the input sensor as a ratio of the 
resistance of the input sensor R to the reference resistor 
R. Since the resistance of the reference resistor is known, 
highly accurate measurement of the resistance of the input 
sensor R can be implemented. 

Rationetric Potentiometer Application 
FIG. 5 is a schematic diagram of a rationetric digitizing 

ohmmeter system configured for measuring the resistance 
ratio corresponding to the wiper position of a potentiometer 
according to one embodiment of the present invention. The 
wiper position relates to resistance value Rbot while the total 
resistance of a potentiometer is indicated by the resistance 
value (Rtop+Rbot) where the total resistance (Rtop--Rbot) is 
not necessarily known a priori according to one embodiment 
of the present invention. 

In the configuration shown in FIG. 5, the rationetric 
digitizing ohmmeter system 300 is configured as a system 
with a serial interface controlled as a slave to the external 
reading system assumed to be coupled to pins 7, 8 and 9 in 
the same manner as in FIG. 4. Like reference numerals are 
used to refer to like elements in FIGS. 4 and 5 to simplify 
the discussion. 

Referring to FIG. 5, a potentiometer 380 is coupled 
between pin 2 and pin 5 of system 300. Potentiometer 380 
has two variable internal resistances defined as “Rtop' 
between the top terminal and the wiper and “Rbot' between 
the wiper and the bottom terminal of the potentiometer. The 
total value of resistance between the top terminal of poten 
tiometer 380 and the bottom terminal is given by 
Rtotal=Rtop--Rbot. A resistance output terminal at the wiper 
of the potentiometer 380 defines the common terminal 
shared by the series resistors Rtop and Rbot. The resistance 
between the wiper terminal of potentiometer 380 and its 
bottom terminal is Rbot and is connected to pin 4 of system 
300 and is the resistance to be measured. Pin1 is connected 
to direct the DC excitation current to the top terminal of the 
potentiometer. Pin 2 is connected to the top terminal and pin 
3 is connected to the bottom terminal of the potentiometer to 
use the resistance across the entire potentiometer 
(Rtotal-Rtop--Rbot) as the reference resistance. Pin 5 is 
connected to the bottom terminal of the potentiometer to 
choose Rbot as the external resistance to be measured. The 
lower terminal of the potentiometer (node 108) and pin 3 and 
pin 5 is connected to the ground Voltage. 
As thus configured, the rationnetric digitizing ohmmeter 

system 300 uses Rext=Rbot and Rref=(Rtop--Rbot) and thus 
measures the ratio Rbot/(Rtop--Rbot). This ratio is indicative 
of the wiper position regardless of uniform changes to Rtop 
and Rbot due to temperature or aging. The potentiometer 
total resistance does not need to be precise or accurate or 
even known (Subject only to the constraint of not exceeding 
a maximum resistance value which could cause clipping at 
the integrator output). Potentiometer wiper position can be 
an indirect measurement of position (for linear potentiom 
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eter displacement sensors) or of desired control value (Such 
as Volume controls for audio equipment). Thus the system of 
FIG. 5 can be used to precisely measure these indirect 
parameters without the use of any highly accurate or precise 
or potentially expensive circuit elements. 

4-Wire Remote Resistive Thermal Device (RTD) 
The rationnetric digitizing ohmmeter system of the present 

invention can be used with a 4-wire remote resistive sensor 
such as a platinum film resistive thermal device (RTD). FIG. 
6 illustrates the coupling of a 4-wire remote resistive thermal 
device (RTD) to the rationetric digitizing ohmmeter system 
of the present invention according to one embodiment of the 
present invention. In the configuration shown in FIG. 6, the 
rationnetric digitizing ohmmeter system 300 is configured as 
a system with a serial interface controlled as a slave to the 
external reading system assumed to be coupled to pins 7, 8 
and 9 in the same manner as in FIG. 4. Like reference 
numerals are used to refer to like elements in FIGS. 4 and 
6 to simplify the discussion. 
The reference resistor R, is first connected to pin 1 of 

system 300 to receive the forced current I. Pin 2 is 
connected to this terminal to sense voltage Vref. The other 
terminal of resistor R, is connected to wire 1 which will 
force the same current I through resistor R. Pin 3 is 
connected to wire 1 in close proximity to resistor R, in 
order to sense the voltage Vref-. 
The 4-wire remote resistive thermal device, denoted as 

R., is coupled to rationetric digitizing ohmmeter system 
300 as follows. The 4-wire remote RTD is connected across 
a pair of force terminals (wire 1 and wire 4) and a pair of 
sense terminals (wire 2 and wire 3). Force wire 1 of device 
R is connected to resistor R, at the same terminal moni 
tored by pin 3. Force wire 4 at the second terminal of device 
R, is connected to the ground potential. In this manner, the 
DC excitation current supplied to reference resistor R, 
passes through device R. Sense wire 2 at the first terminal 
of device R, is connected to pin 4 for providing the positive 
Vin-- Voltage. Sense wire 3 at the second terminal of device 
R, is connected to pin 5 to sense the Vin- Voltage. As thus 
configured, the digitizing ohmmeter system of the present 
invention is disposed to measure the ratio of the resistance 
of device R, to the resistance of R, and provide a digital 
output value indicative of the resistance and hence the 
temperature measured by the resistive thermal device. 

In the present embodiment, device R, is a platinum 1 
kOhm device with a temperature range of -200 to 630° C. 
Resistor R, has a resistance value of 3.4 kohms. The 
reference voltage is 204 mV, which defines the fullscale 
range of the ADC in the Voltage domain. The resistance 
range of device R, is between 0.185 k to 3.23 k Ohms and 
the actual Voltage range dropped across device R, is about 
183 mV. Thus, the resistive thermal device R, uses up to 
89% of the ADC fullscale range of the digitizing ohmmeter 
system. 
RTD with Hyperbolic Linearity Correction 
The rationnetric digitizing ohmmeter system of the present 

invention can be used in applications where hyperbolic 
linearity correction is used to linearize the nonlinear change 
in resistance at Some types of sensors in response to their 
stimulus. FIG. 7 illustrates a remote resistive thermal device 
(RTD) where hyperbolic correction circuitry is coupled to 
the rationetric digitizing ohmmeter system 300 to linearize 
the resistance change of the RTD device vs. temperature in 
order to obtain a more accurate indirect measurement of the 
temperature at the remote RTD. The application circuit 
shown in FIG. 7 also discloses methods to externally 
increase the output current and to center the fullscale range 
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of the ohmmeter at a given offset resistance. The circuit 
further discloses one method to compensate for Voltage 
drops in external wiring when using this external offset 
method. 

In the embodiment shown in FIG. 7, a 3-wire remote 
RTD, denoted as device R, is used. Hyperbolic correction 
is obtained by adding a fraction (about 1.55%) of the input 
signal to the Vref voltage. The resistance values for resis 
tors R6 and R7 are selected to provide hyperbolic correction. 
When this form of linearization is used, the measurement 
becomes more linear with respect to the applied Stimulus, 
but the offset and gain of the system will be adversely 
affected in proportion to the amount of linearizing correction 
required. Offset and gain adjustment may be required by the 
user. In the preferred embodiment of system 300 this offset 
and gain adjustment can be accomplished by modification of 
the digital gain and offset trim values in the digital post 
processing circuit 134. 

Thermistor Application 
The rationnetric digitizing ohmmeter system of the present 

invention can also be used with a thermistor. FIG. 8 is a 
schematic diagram of a rationetric digitizing ohmmeter 
system configured for measuring a linearized signal related 
to the temperature of the thermistor, which signal changes 
with changes to the resistance of the thermistor. 

Referring to FIG. 8, a 10k Ohm NTC thermistor, denoted 
as R, having a 10 k Ohm resistance at 25° C. and 
exhibiting a negative temperature coefficient is used. The 
resistance of an NTC thermistor decreases with increasing 
temperature. In order to measure a signal which is more 
indicative of the temperature than the resistance of the 
thermistor, this circuit measures the voltage drop across the 
stable resistor R, which increases as temperature 
increases. Thus the ones density and output code of system 
300 increases as temperature increases, while the resistance 
of thermistor R, decreases. 
The resistor R is connected across the two input 

pins 4 and 5 of digitizing ohmmeter system 300. The series 
connection of R+R, is connected across the ref 
erence inputs at pins 2 and 3. These resistors are coupled to 
digitizing ohmmeter system 300 of the present invention in 
a manner So as to allow the digitizing ohmmeter system to 
measure the Ratio-Rie?(Refe--Ren) and to pro 
vide a digital output value indicative thereof. 

Pin 5 of system 300 is also connected to the ground 
Voltage. Resistor R is used to linearize the Voltage 
indicative of the temperature of the thermistor, over a limited 
temperature range of interest, whose response without Such 
a resistor is typically logarithmic. A resistor R is coupled 
between pin 2 and pin 3, where pin 3 is also connected to the 
ground potential of system 300. Resistor R, is used limit 
the magnitude of the differential reference voltage Vref to a 
Voltage below the maximum where clipping at the output of 
the integrator might occur. R. does not affect the linearity 
of the signal to be digitized and in general does not need to 
be of high stability or accuracy. The value of R should be 
chosen as the highest value resistance which will keep the 
Voltage between pin 2 and pin 3 below a maximum limit at 
the coldest temperature within the temperature range of 
interest. In the present embodiment, the maximum (Vref -- 
Vref-) voltage is around 0.36 volts. Finally, pin 1 is coupled 
to the node common to R, , R., to couple the DC 
excitation current I to the node common to the thermistor 
and the Voltage limiting resistances. 

In the present embodiment, I is 60 uA, thermistor 
R. has a resistance value between 1.7 kohms to 32 kohms 
over a temperature range of 0 to 70° C., resistor R has 
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a resistance value of 5.11 kohms and resistor R, has a 
resistance value of 6.04 kohms. 

System Characteristics and Advantages 

The rationnetric digitizing ohmmeter system of the present 
invention provides many advantages over conventional 
resistance measurement systems. 

First, the rationetric digitizing ohmmeter system of the 
present invention employs current drive as the excitation 
Source instead of Voltage drive. It is well known that using 
current drive results in an input voltage which is inherently 
more linear than Voltage drive for resistive input sensors 
whose resistance changes while configured in a full or 
half-Wheatstone bridge configuration. FIGS. 9A and 9B are 
schematic diagrams of a variable resistance sensor config 
ured in a half-Wheatstone bridge (voltage divider) configu 
ration with a high impedance current Source excitation (FIG. 
9A) and with a low impedance Voltage source excitation 
(FIG. 9B). FIG. 9C is a plot of the Vin voltage as the 
resistance of the variable resistance sensor increases from 
500 Ohms to 1 kOhms for the resistance sensor configura 
tions in FIGS. 9A and 9B. 
As the variable resistor increases from 500 Ohms to 1 

kOhm, the voltage at node Vin changes for both circuits. The 
voltage Vin of the current source driven circuit rises linearly 
from 0.5 Volts to 1 Volt as shown in FIG. 9C. The voltage 
Vin at the voltage driven circuit rises non-linearly from 0.5 
Volts to 0.75 Volts for the same change in resistance as in 
FIG.9C. FIG. 10 is a plot of the linearity error in percent of 
Vin after a best-fit line has been subtracted for the two 
resistance sensor configurations of FIGS. 9A and 9B. The 
current source driven circuit (FIG.9A) shows no systematic 
linearity error. The voltage driven circuit (FIG. 9B) shows 
-5% to +2.5% linearity errors. Thus, the digitizing ohmme 
ter system of the present invention can provide more accu 
rate results than conventional systems using Voltage drive 
for resistive sensors arranged in this common configuration. 
A second advantage of the digitizing ohmmeter system of 

the present invention is that unlike conventional resistance 
measurement systems, a precise current source or a precise 
Voltage source is not needed to ensure precise resistance 
measurements. In the digitizing ohmmeter system of the 
present invention, highly accurate resistance measurements 
can be made using a not-necessarily precise DC reference 
current. Specifically, the not-necessarily precise DC refer 
ence current is used to excite both the resistance to be 
measured and the stable reference resistance. The Voltage 
drops resulted from the DC reference current I are: 

VRexflouTR.exe VReflouTR, ef. Eq. (6) 

The Voltage drop across the resistance to be measured (R) 
is compared to the Voltage drop across the stable reference 
resistance (R) to determine the value of the unknown 
resistance. The charge balancing ADC inherently reports a 
digital output which is the ratio of Vin to Vref. Within 
normal operating limits the varying effect of the DC current 
It exactly cancels and the output code is independent of 
changes in current Iorg: 

W. of TR R Ed. (7 ADCigital out = , = OUTtvert vert q. (7) 
Vof louT Ref Ref 

A third advantage of the digitizing ohmmeter system of 
the present invention concerns its ability to reject and filter 
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noise. The current I may contain accurrent noise com 
ponents. Such current noise will also cause proportional 
short term increases and decreases in Voltages Vin and Vref. 
The system samples the voltage across R, and R, in 
adjacent time slots. Current noise of low frequency will 
persist over the time interval between charge packet accu 
mulations and will thus also be cancelled in the manner of 
described above by the nature of the system. Higher fre 
quency noise currents will not be cancelled, but will be 
reduced by the effective averaging of the noisy Vin samples 
over the multiple samples used to perform a single mea 
Surement. Thus the digitized output measurement is largely 
immune to current noise within I. 
A fourth advantage of the digitizing ohmmeter system of 

the present invention concerns the power Supply Voltage 
variation rejection of the measurement circuit and method. 
It is well known that using a high impedance Source (a 
current source) to drive a resistance to ground results in a 
Voltage drop across that resistor which is insensitive to 
Supply Voltage variations in the current generator circuit. 
Large variations of generated current with Supply Voltage 
could cause input or reference Voltages to exceed the desired 
maximum Voltages at these differential inputs and cause 
clipping at the output of the integrator in the modulator. Thus 
the digitizing ohmmeter of the present invention can operate 
to higher accuracy over larger power Supply variations than 
systems which use a resistor to the positive Voltage Supply 
as the excitation Source. 

A fifth advantage of the digitizing ohmmeter system of the 
present invention is that the digitizing ohmmeter system 
uses a resistance, not a Voltage or a current, as its stable 
reference circuit. In general, it is necessary to use resistors 
as one of multiple components within a Voltage reference or 
within a current reference circuit. Obtaining stability over 
time and temperature of a Voltage or current reference which 
internally contains resistors that is better than the stability of 
the resistors themselves requires complicated compensation 
circuitry and usually requires measurement and trimming 
during the manufacturing process. The use of a single 
reference resistor can thus result in Smaller accuracy and 
stability errors than the use of a voltage reference circuit or 
current reference circuit as Such errors are caused by only a 
single component. Metal foil reference resistors of excep 
tional accuracy and Stability are available from manufactur 
ers such as Vishay and Wilbrecht. As an example, the Vishay 
VHP100 series of resistors is specified to remain within a 
window of +/-30 parts per million over the applied tem 
perature of -55 to +125° C. A bandgap voltage reference of 
1.22 Volts would have to remain within a window of +/-37 
uV over the same temperature range in order to match this 
temperature stability. Applications which require low noise 
and high resolution, but not necessarily high Stability and 
accuracy, can use lower accuracy reference resistors for 
monetary savings. 
A sixth advantage of the digitizing ohmmeter system of 

the present invention is the optional availability of user 
programmable system digital gain trim. The digitizing ohm 
meter system optionally utilizes a user initiated calibration 
to determine small gain and offset trim values which trim 
values are applied to adjust the absolute accuracy of mea 
surements. When calibration is performed for the digitizing 
ohmmeter system of the present invention in which a 
reference resistor is used, the reference resistor is only 
required to maintain a stable resistance value, and does not 
need to be of a precise value. The use of calibration can thus 
result in monetary savings as high Stability reference resis 
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tors of precise value are more expensive than high stability 
resistors of less precise value. 
A seventh advantage of the digitizing ohmmeter system of 

the present invention is the low kT/c noise generated at the 
switched capacitors Cin and Cref. The switched capacitor 
input circuit of the present invention is configured to mini 
mize kT/C noise events, which occur when a switch is 
opened and a noise charge is held on the capacitor. One kT/c 
noise event occurs when the Vin side of the capacitor Cin is 
momentarily open circuited while being switched from Vin 
to Vin-i-. A second kT/C noise event occurs when the 
capacitor is switched back to Vin-before the start of the next 
cycle. This second noise event occurs while the amplifier is 
shorted input to output in its correlated double sampling 
phase. This noise event is not transferred to the accumula 
tion capacitor and thus does not contribute to noise in the 
digitized measurement. Similarly, only one of two noise 
events at the reference switched capacitor are capable of 
affecting the digitized measurement. At the reference input, 
noise events are further reduced in number because the 
reference charge packet is only accumulated in proportion to 
the digital output number. Measurements of resistance much 
less than the reference resistor will incur proportionally 
many fewer reference noise events. Thus input signals near 
the middle of the fullscale range will incur approximately 
1.5 kT/c noise events per modulator cycle. Other prior art 
delta-sigma ADC modulator topologies without correlated 
double sampling incur two input capacitor Switching noise 
events per cycle independent of signal level. See, for 
example, Max Hauser and Robert Brodersen, “Circuit and 
Technology Considerations for MOS Delta-Sigma A/D Con 
verters”, IEEE Proc. ISCAS86, pp. 1310-1315, May 1986: 
reprinted in “Oversampling Delta-Sigma Data Converters', 
edited by James Candy and Gabor Temes, IEEE Press, 
Piscataway, N.J., 1992. Some of the prior topologies which 
do implement correlated double sampling can cause up to 
four kT/C noise events per cycle. See, for example, K. 
Vleugels, S. Rabi and B. Wooley, “A 2.5V Sigma-Delta 
Modulator for Broadband Communications Applications'. 
IEEE Journal of Solid-State Circuits, vol. 36, no. 12, pp. 
1889-1890, December 2001. 
An eighth advantage of the digitizing ohmmeter system of 

the present invention is that, because the Switched capacitor 
input stage of the ADC generates very little noise and the 
charge balancing of the modulator is of high precision, the 
system can measure to high accuracy and precision at very 
small reference voltages, where the reference voltage is the 
voltage between Vref- and Vref. The differential voltage 
between Vref- and Vref - is given by the voltage drop 
Iori,R, The fullscale range of this system can be made 
very Small by choosing a small value for the external 
reference resistor R, or by choosing a small value (in 
microAmperes) for the DC excitation current I. When 
the system is configured for a very Small fullscale range 
(tens of millivolts) external amplification of the input sensor 
signal in many applications can be drastically reduced or 
eliminated altogether. Amplification of the input sensor 
signal is often required when using conventional ADCs, 
which typically require a reference Voltage that is a multiple 
of 1.22 Volts and input signals amplified to that level. Such 
amplification introduces undesirable noise, offset and gain 
errors and requires extra circuitry which needs more power 
and more area to implement. 
A ninth advantage of the digitizing ohmmeter system of 

the present invention concerns the differential nature of the 
input and reference signals. By using differential input and 
reference signals at the input stage of the digitizing ohm 
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meter system, and by using the excitation current flowing 
through the reference resistor as a forcing current to the 
external resistive input sensor, force/sense connections can 
be established at the external input sensor. FIG. 6 illustrates 
a 4-wire force? sense circuit which measures the resistance of 
an external resistive sensor. The resistance of the wiring and 
any connectors between the system and the sensor is rejected 
by the system and does not contribute significant error to the 
resistance measurement. Another benefit of the differential 
input and reference is that it is easier to choose circuit nodes 
for the reference and input which linearize the digital output 
of different types of nonlinear input sensors because Such 
nodes usually do not include the ground reference node. 

Furthermore, the digitizing ohmmeter system of the 
present invention can be used to measure the resistance of an 
input sensor that is physically located at a distance away 
from the digitizing ohmmeter system. In other resistance 
measurement systems where current pulsing or AC current 
is used as the excitation source, the resistance to be mea 
sured must be physically located within a few inches of the 
measurement system. This is because the long wires used to 
connect the input sensor to the input terminals of the 
resistance measurement system introduce unavoidable para 
sitic capacitances and inductances that degrade the measure 
ment. 

The above detailed descriptions are provided to illustrate 
specific embodiments of the present invention and are not 
intended to be limiting. Numerous modifications and varia 
tion within the scope of the present invention are possible. 
The present invention is defined by the appended claims. 

I claim: 
1. A method for sampling and digitizing a resistance ratio 

measurement from an impedance-varying input sensor, 
comprising: 

connecting said input sensor and a reference resistor in 
series between a first node and a second node: 

applying a DC excitation current from a high impedance 
current Source to said input sensor and said reference 
resistor; 

sampling the Voltage across said input sensor using a first 
pair of Switches, said first pair of Switches being 
controlled by complementary signals so that only one 
switch of the first pair of switches is closed at a time; 

generating an input Voltage step having a magnitude 
corresponding to said Voltage across said input sensor 
by the Switching action of said first pair of Switches, 
said input voltage step being indicative of the resistance 
of said input sensor, 

sampling the Voltage across said reference resistor using 
a second pair of Switches, said second pair of Switches 
being controlled by complementary signals so that only 
one Switch of the second pair of Switches is closed at a 
time; 

generating a reference Voltage step having a magnitude 
corresponding to said Voltage across said reference 
resistor by the Switching action of said second pair of 
Switches, said reference Voltage step being indicative of 
the resistance of said reference resistor; 

coupling said input voltage step to an integrator, 
integrating charges corresponding to a transition of said 

input voltage step on an accumulation capacitor, 
coupling said reference Voltage step to said integrator, 
generating a data dependent signal for deactivating or 

activating said integrator, 
integrating charges associated with a transition of said 

reference Voltage step when said data dependent signal 
has a first value or disregarding charges associated with 
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the transition of said reference Voltage step when said 
data dependent signal has a second value, said transi 
tion of said reference Voltage step being opposite to 
said transition of said input voltage step; 

comparing a signal corresponding to said charges accu- 5 
mulated on said accumulation capacitor with a refer 
ence level; and 

generating an output signal as a result of said comparing, 
said data dependent signal having said first value and 
said second value corresponding to respective logical 10 
levels of said output signal, 

wherein after a plurality of sampling cycles, said output 
signal forms a digital data stream having an ones 
density proportional to a ratio of the resistance of said 
input sensor to said reference resistor. 15 

2. The method of claim 1, further comprising: 
in response to a first signal, deactivating said integrator 

and operating said integrator in a correlated double 
sampling mode, said deactivating and operating com 
prising: 2O 
shorting out an amplifier in said integrator, and 
storing an amplifier error Voltage onto input and refer 

ence capacitors of said integrator, said amplifier error 
Voltage comprising an amplifier offset Voltage, 1/f 
noise and wideband amplifier noise. 25 

3. The method of claim 1, wherein said comparing com 
prises: 

coupling an inverting buffer to said accumulation capaci 
tor; 

generating at said inverting buffer a Voltage correspond- 30 
ing to an inverted Voltage value corresponding to said 
charges accumulated on said accumulation capacitor; 
and 

32 
comparing said Voltage at said inverting buffer with said 

reference level. 
4. The method of claim 1, wherein said transition of said 

input voltage step comprises a rising edge of said input 
Voltage step and said transition of said reference Voltage step 
comprises a falling edge of said reference Voltage step. 

5. The method of claim 1, wherein said transition of said 
input voltage step comprises a falling edge of said input 
Voltage step and said transition of said reference Voltage step 
comprises a rising edge of said reference Voltage step. 

6. The method of claim 1, further comprising: 
counting occurrences of ones in said digital data stream 

over a plurality of sampling cycles and generating a 
count value; and 

Subtracting an offset value from said count value to 
generate a resistance output value. 

7. The method of claim 6, further comprising: 
applying a first trim value to adjust a total number of 

sampling cycles for which said occurrences of ones are 
counted; and 

applying a second trim value to adjust the value of said 
offset value. 

8. The method of claim 1, wherein the resistance ratio to 
be measured comprises a potentiometer and connecting said 
input sensor and a reference resistor in series between a first 
node and a second node comprises: 

connecting said potentiometer between said first node and 
said second node, the full resistance range of said 
potentiometer being coupled to function as said refer 
ence resistor and a resistance output terminal of said 
potentiometer being coupled as said input sensor. 


